Objectives: To determine the genetic location and environment of the qnrA6 gene in Proteus mirabilis PS16 where it was first described and to characterize the quinolone resistance qnrA6 confers.
Introduction
Quinolone resistance in Enterobacteriaceae is classically mediated by chromosomal mutations in the gyrase and topoisomerase IV genes at the quinolone resistance-determining regions (QRDR) and in genes coding for efflux and outer membrane proteins or their regulatory elements. 1, 2 Plasmid-mediated quinolone resistance (PMQR) determinants, described in the 2000s, include qnr genes (qnrA, qnrB, qnrS, qnrC, qnrD and qnrVC) encoding pentapeptide repeat proteins protecting topoisomerases from quinolone binding, 3, 4 aac-(6 ′ )-Ib-cr genes (two alleles) derivative of aminoglycosideacetylating enzymes 5 and qepA and oqxAB efflux pump genes. 6 qnrA was the first qnr gene to be described and seven alleles have been found so far (www.lahey.org/qnrStudies). We described the qnrA6 allele for the first time in a Proteus mirabilis isolate, PS16, producing the ESBL bla PER-1 . 7 This strain had been isolated from a patient who was injured in a terrorist attack in Casablanca and developed osteitis.
7 qnrA6 differs from the original qnrA1 gene by 30 nucleotides leading to five amino acid differences (GenBank DQ151889). qnrA6 was later reported in various enterobacterial species (total of 55 isolates, 28 isolates of Providencia stuartii, 10 of P. mirabilis, 8 of Klebsiella pneumoniae, 5 of Providencia rettgeri, 2 of Citrobacter freundii and 2 of Escherichia coli). 8 -15 Isolates were mainly from Tunisian hospitals (51/55) and also from Morocco, Croatia and Montenegro. In these studies, qnrA6 was described as located on 55-120 kb plasmids. 9, 10, 15 The quinolone resistance phenotype conferred by this allele was not described and its genetic environment in Proteus remains unknown. The aim of this study was to investigate the location and genetic environment of qnrA6 in P. mirabilis PS16 and the quinolone resistance conferred by this rare allele.
Materials and methods

Bacterial strains, plasmids and vectors
Analyses of the genetic location and environment of qnrA6 were performed in P. mirabilis isolate PS16, which was previously described and is a qnrA-positive strain isolated in France. 16 E. coli J53 azide-resistant, which is a recipient strain widely used for conjugation with plasmid carrying qnr alleles, 4 E. coli TOP10 (Invitrogen, Illkirch, France) and P. mirabilis ATCC 29906 Rif R were used as recipient cells. pBR322 and pTOPO (Invitrogen) are two plasmids harbouring the ampicillin resistance gene bla and were used as vectors for cloning the qnrA6 gene.
QRDR and PMQR identification
QRDRs in the gyrA, gyrB, parC and parE genes were amplified by PCR and sequenced as described previously. 17 The qnr and qepA genes were detected by real-time PCR and aac(6 ′ )-Ib-cr was detected by pyrosequencing as described previously. 18 -20 Genetic experiments for determining the qnrA6 location
In order to determine whether quinolone and b-lactam resistance were transferable from P. mirabilis PS16, conjugation experiments were carried out in Mueller -Hinton (MH) broth or on filters with azide-resistant E. coli J53 as recipient. 4 In addition, total DNA was introduced into electrocompetent E. coli TOP10 cells. Transformants were selected on MH agar plates containing amoxicillin (100 mg/L), ceftazidime (4 mg/L), kanamycin (50 mg/L) or ciprofloxacin (0.125 mg/L). Transconjugants of E. coli J53 were selected with the same antibiotics in addition to sodium azide (500 mg/L).
Plasmids were sought by performing 0.8% agarose gel electrophoresis of nucleic acid extractions following the QIA Midiprep Kit instructions (Qiagen, Courtaboeuf, France). The genetic locations of qnrA6 and bla PER-1 were determined by Southern blotting after plasmid gel electrophoresis and PFGE of genomic DNA digested with the I-CeuI endonuclease as described previously. 16 Hybridization was performed with PCR-generated digoxigeninlabelled probes (Roche Diagnostics, Meylan, France) as described previously. 16 
Characterization of the qnrA6 genetic environment
Sequencing of the DNA fragments up-and downstream from qnrA6 was performed with two outward-facing primers starting at the 5 ′ -and 3 ′ -ends of qnrA6 with paired primers targeting genes or sequences usually surrounding qnrA [Intl, aac(6 ′ )-Ib, orf513, sul1, 5 ′ -CS (CS, conserved segment) and 3 ′ -CS consensus sequences] (Table S1 , available as Supplementary data at JAC Online). PCR was carried out with Taq DNA polymerase (Sigma, St Louis, USA) as follows: 1 cycle of 948C for 5 min; 30 cycles of 948C for 30 s, 558C for 30 s and 728C for 2.5 min; and elongation at 728C for 10 min. Band profiles were visualized after electrophoresis in 1.5% agarose gels.
PCR amplified fragments were sequenced at Beckman Coulter Genomics (Takeley, UK). Nucleotide sequences were compared using the BLAST computer program (National Center for Biotechnology Information). The nucleotide sequence of the 5138 bp obtained, encompassing qnrA6 in P. mirabilis PS16, was submitted to GenBank under accession number JN103331.
Cloning the qnrA6 gene
Cloning was performed in the pBR322 and pTOPO vectors using primers designed to amplify (i) the entire qnrA6 gene starting from the start codon and (ii) the qnrA6 gene with 247 nucleotides upstream from the qnrA6 start codon. Primers contained EcoRV and SalI (Invitrogen) restriction sites in the forward and reverse primers, respectively (Table S1) . PCR was performed in a 50 mL mixture including 2 mL of forward and reverse primers, 2 mL of DNA template and 25 mL of GoTaq G2 Green Master Mix (Promega, Madison, USA). PCR was run using the following program: 948C for 5 min; 30 cycles of 948C for 30 s, 548C for 30 s and 728C for 1 min; and 728C for 10 min. The amplified fragment was purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Amplified fragments digested with EcoRV and SalI were then ligated into pBR322 and pTOPO previously digested with EcoRV and SalI. The resulting plasmids (pTOPO-qnrA6, pTOPO-qnrA6 +247, pBR322-qnrA6 and pBR322-qnrA6 + 247) were transformed by electroporation into the quinolone-susceptible recipient strains E. coli TOP10 and P. mirabilis ATCC 29906 Rif R . 21 Transformants were selected by overnight incubation at 378C on MH and URI4 agars (bioMé rieux, Marcy l'Etoile, France) supplemented with 200 mg/L ampicillin. The presence of recombinant plasmids was checked by PCR sequencing using primers Seq_Fwd_EcoRV and Seq_Rev_SalI (Table S1 ).
Characterization of the quinolone resistance phenotype conferred by qnrA6
MICs of six quinolones (nalidixic acid, norfloxacin, ciprofloxacin, ofloxacin, levofloxacin and moxifloxacin) were measured by the Etest method (bioMérieux, Marcy l'Etoile, France) on MH agar for transformants and recipients. MICs were interpreted according to EUCAST guidelines (www. eucast.org/).
Results and discussion
Chromosomal location of qnrA6 and bla PER-1
Total DNA electrophoresis showed one plasmid of 60 kb but the conjugation experiments with E. coli J53 failed, using the rapid protocol in liquid media as well as an extensive protocol on filters.
Electrotransformation of E. coli TOP10 with plasmid DNA was successful; however, transformants harboured bla TEM-1 but not qnrA6, bla PER-1 and ISCR1, usually detected associated with bla PER-1 . Hybridization experiments with the qnrA6, bla PER-1 and bla TEM-1 probes confirmed that only bla TEM-1 was located on the plasmid. PFGE with I-CeuI digestion followed by Southern blotting and hybridization with probes for qnrA6, bla PER-1 and bla TEM-1 , and the 16S rRNA rrs gene used as a control of chromosomal location, revealed that both qnrA6 and bla PER-1 were chromosomally located ( Figure S1 ). Sequencing of the genetic environment of bla PER-1 showed this gene embedded in transposon Tn1213, bordered upstream by ISPa12 and downstream by ISPa13. Interestingly, bla PER-1 has been described in the P. stuartii chromosome in such a genetic environment.
22 bla PER-1 is mostly described downstream of ISPa12 when plasmid-carried and not within a composite transposon except in Salmonella enterica.
22
qnrA6 was not found on plasmids, nor was it transferable, and was eventually shown as located in the P. mirabilis chromosome. To our knowledge, this is the first description of a chromosomally encoded qnrA gene in Enterobacteriaceae. Chromosomal qnrA-like genes have been identified in Shewanella algae, an environmental species that was considered as qnrA progenitor, but never in Enterobacteriaceae.
23 qnrA6 was often reported on large IncA/C plasmids (55 -120 kb) associated with various resistance genes such as aac(6 ′ )-Ib-cr, bla DHA-1 , bla OXA-10 and even bla NDM-1 . 24 qnrA genes were mainly associated with ISCR1 in the 25 
Genetic environment of qnrA6 and mobilization hypothesis
We investigated the chromosomal genetic environment of qnrA6 to reveal the potential events that may have led to qnrA6 integration into the chromosome of P. mirabilis PS16. We used a combinatorial PCR strategy with two sets of primers: one with a forward primer in ISCR1 and a reverse primer in qnrA6 and one with a forward primer in qnrA6 and a reverse primer in ISCR1 (Figure 1) . From the sequences of these two DNA fragments (5138 bp) we showed that qnrA6 was surrounded by two ISCR1. In the 3904 bp region upstream from qnrA6, four major components were identified: (i) a 233 bp sequence (M233) downstream from ISCR1; (ii) an IS10; (iii) a 1.8 kb sequence spanning from M233 to IS10; and (iv) a 24 bp sequence (M24) after IS10. The M233 containing recombination crossover (RCS) and promoter sites 26 is identical to those in some other qnrA1-containing plasmids. However, in our sequence, qnrA6 was not found immediately after RCS but 3602 bp downstream from M233. The 1.8 kb sequence shares 87% identity with chromosomal sequence from qnrA2 in S. algae (Genbank HQ449669.1). It is noteworthy that the GC content of the qnrA6 genetic environment (49%) is very close to S. algae (45%-53%) and very different from P. mirabilis (38%). This region contains part of conserved hypothetical proteins found in environmental species such as Shewanella amazonensis and Aeromonas hydrophila (CP000462.1 and CP000507.1). The IS10 element that is located immediately upstream of qnrA6 was 3 ′ -5 ′ orientated and contained a transposase and left and right inverted repeat elements. This IS usually forms part of the composite tetracycline resistance transposon Tn10 and was described as chromosomally integrating conjugative element ICEPmiJpn1 in P. mirabilis (GenBank AB525688.1). Finally, M24, located between IS10 and qnrA6, has also been described upstream from qnrA2 in S. algae. The 577 bp sequence downstream from qnrA6 had 81% identity with the sequence downstream from qnrA2 in S. algae. We also found the sequences M19+1, M7 and M124 similar to what was described downstream of qnrA3 in pHe96 and pKas96. 27 M24, M20, M7 and M124 sequences surrounding qnrA6 were chromosomally located in S. algae and plasmid-located for other qnrA. 27 The only differences were the absence of M19 in S. algae in the qnrA2 vicinity, the presence of M20 in P. mirabilis PS16 close to qnrA6 and the presence of M13 in the pHSH2 qnrA1 environment. 25 The sequence shared a high similarity with the IncA/C2 qnrA6 plasmid described in an isolate of P. stuartii.
15
Searching for promoter sequences upstream from qnrA6, we found the promoters pIN and pOUT, which were demonstrated to be involved in the control of the transposase gene expression (Figure 2) . 28 Bioinformatic analysis also indicated a putative promoter in the S. algae chromosome sequence upstream from the IS10 sequence. This could be the native promoter for qnrA6 and it would be located 170 -200 bp upstream from qnrA6 if IS10 was not inserted (Figure 2 ). Our findings highlight the hypothesis made by Arpin et al. 15 for the P. stuartii isolate harbouring qnrA6, explaining that the IS10 insertion has brought qnrA6 expression under the control of the transposase pOUT promoter with the +1 transcription initiation site located 147 bp before qnrA6.
Our work on the qnrA6 genetic environment showed that the qnrA6-containing DNA fragment was probably excised from the chromosome of S. algae or another Shewanella species and integrated into P. mirabilis PS16. The mobilization probably occurred following the action of the ISCR1 recombinase, as was described for bla CTX-M-2 in Kluyvera ascorbata. 29 Moreover, this mobilization Figure 1 . Genetic environment of qnrA6 in P. mirabilis PS16, qnrA2 in S. algae and qnrA1 in plasmids pKO97, pHSH2 and pHe96. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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JAC into the PS16 chromosome may have been fostered by the enhanced pOUT-dependent expression of qnrA6 in P. mirabilis compared with E. coli. We screened the presence of ISCR1 in our collection of S. algae carrying qnrA3, qnrA4, qnrA5 and qnrA7 by in silico analysis of the complete S. algae genome in GenBank databases and PCR detection of ISCR. All searches were negative. Jayol et al.
Aeromonadaceae are probably the source of the ISCR family and an association between qnr-like genes and bla PER-1 or bla PER-3 has been found in plasmids carrying complex class 1 integrons in Aeromonas from the aquatic environment (GenBank AY740681). 30, 31 We suggest a first mobilization by ISCR1 elements from chromosomal qnrA of Shewanella spp. to plasmids of Aeromonadaceae, then conjugation between Aeromonadaceae and Enterobacteriaceae. This work confirms that waterborne Shewanellaceae are a reservoir for Qnr-like quinolone determinants and describes the first chromosomally located qnrA in Enterobacteriaceae, showing an important step between the 'reservoir' species and species disseminating the plasmid-borne qnr determinant.
Quinolone resistance conferred by qnrA6 varied depending on promoter sequences and host species P. mirabilis PS16 was confirmed to have high-level resistance to quinolones (Table 1) as described previously. 7 Molecular characterization of the quinolone resistance genes showed only a Ser83Ile gyrA mutation in association with qnrA6. No gyrB, parC or parE mutations or other PMQR determinants were found. Because of the chromosomal gyrA mutation and the chromosomal location of qnrA6 in P. mirabilis PS16, we could not evaluate the quinolone resistance conferred by qnrA6 without cloning the gene into a plasmid expressed in quinolone-susceptible WT strains. E. coli TOP10 (pBR322-qnrA6) transformants were, as expected, ampicillin-resistant but tetracycline-susceptible clones since qnrA6 was inserted into the tetA gene downstream from the constitutively expressed tetA promoter. We observed an increase in the MICs of all the quinolones tested compared with the MICs measured for the E. coli TOP10 parental strain, while the introduction of the pBR322 plasmid without the inserted gene had no significant effect. These findings confirmed the impact of qnrA6 in acquired quinolone resistance.
Although the level of resistance conferred was of the same order of magnitude as that conferred by other qnrA genes, the level was low compared with that observed in the P. mirabilis PS16 clinical isolate. 17, 32, 33 Our hypothesis was that qnrA6 expression in quinolone resistance could be triggered by the pOUT promoter found 247 bp upstream, which is composed of the 235 (CAGAAT) and 210 (TAAAAT) boxes separated by exactly 17 bp (Figure 2) . We investigated the expression of qnrA6 under the control of this promoter by cloning this region with qnrA6 (qnrA6 + 247 bp) into pTOPO and pBR322 and transformed the recombinant plasmids into E. coli TOP10. A 4-8-fold further increase in the MICs of quinolones was observed. This results in a strain with a level of quinolone resistance close to but below the susceptible clinical breakpoints of EUCAST, which are 0.5 mg/L for ofloxacin, ciprofloxacin, norfloxacin and moxifloxacin and 1 mg/L for levofloxacin (Table 1) .
We also investigated if qnrA6 might have a different impact when expressed in P. mirabilis. The increase in MIC was surprisingly lower for P. mirabilis ATCC 29906 Rif R than for E. coli TOP10 with a 2 -3-fold increase for qnrA6 alone, but a 5 -8-fold increase when the gene was preceded by a promoter (Table 1) . Finally, the MIC values were above the susceptible clinical breakpoints (Table 1 ).
In conclusion, qnrA6 confers quinolone resistance but the resistance level can be increased under the control of an efficient promoter. The difference in the level of resistance observed in P. mirabilis led us to hypothesize that the QnrA6 protein may interact differently with type II topoisomerases of P. mirabilis. First, in P. mirabilis the amino acid at position 87, which is crucial for Qnr -topoisomerase interaction, is a glutamic acid instead of an aspartic acid as in other enterobacteria and, second, some Qnr proteins may be more flexible than others. 34 -36 
